The geometry of weirs is a prime factor influencing hydraulic performance and accuracy. One of the geometric components of weirs, is the situation of its top corners, are they sharp or rounded, and what is the most suitable radius of such rounding curves? The present study was conducted to examine the effect of using five different radius of curvature for both the upstream and downstream top corners of a clear over-fall weir on its hydraulic performance and accuracy. Eleven models of wooden weirs were shaped and prepared with five different values of rounding curvature. The prepared weir models were located in a laboratory tilting flume of 13.50 m length, 0.30 m width, and 0.30 m depth. The study was carried out in the Irrigation and Hydraulic Laboratory of the Civil Department, Faculty of Engineering, Assiut University, Egypt. A discharge ranging from 2.0 to 22.0 dm 3 s -1 was used, and through 66 experimental runs, all the necessary hydraulic parameters were measured, and recorded. The obtained data were tabulated, analyzed, plotted, and technically discussed. The main results and obtained conclusions proved that when the front weir top edge is curved the discharge coefficient increases up to 8%. Also, when both front, and behind weir top edges are curved the discharge coefficient increases up to 14%. At the same time the discharge coefficient has a maximum value when the radius of curvature in upstream and downstream top corners equals 20% of the height of the weir.
Introduction
Nowadays, Egypt is facing a serious problem concerning water. The expected decrease in the water quantity of the Nile, in the light of the disagreement of the countries of the Nile basin over Egypt's historical water share is the main challenge Egypt, and Egyptians have to overcome through all possible methods. In addition to the diplomatic and political negotiations with the Nile basin countries, a review of our traditional approach to irrigation and the irrigation systems used as well as the applied water duties for different crops, must be carried out to avoid the unacceptable overuse of irrigation water. At the same time, improving the efficiency of transporting, distributing, and controlling irrigation water is of great importance because saving high quantities of water may play a significant role in solving the problem of water shortage. Simultaneously, if more care is taken to optimize the efficient reuse of agricultural drainage water and suitable ratios for safely mixing it with fresh water are adopted, more water would be available for irrigation purposes. Since, as mentioned previously, control, transport and distribution of the available limited quantity of water is one of the most effective parameters in water saving, our attention must orient towards the constructions and tools that are used in measuring and controlling the flow in open channels.
This study deals with the clear over-fall weir as one of the simplest, least expensive, oldest, and most accurate structures used for measuring and distributing irrigation water in open channels, in Egypt and all over the world. Owing to the above-mentioned advantages of weirs, over the years many researchers and investigators have carried out numerous studies and experiments for improving the hydraulic performance of weirs and optimizing their measuring efficiency and accuracy, such as Ghazizadeh and Moghaddam (2016) , Parsaie et al. (2016) , Arvanaghi and Mahtabi (2015) , Caroline and Afshar (2014) , Jalil et al. (2014) , Abou-Rehim (1991) , Ashour (1974) , Leliavsky (1959) , Cline (1935) .
Circular weirs were common in the late 19th and early 20th centuries. During the 19th century, efforts were made to increase the drainage capacity of overflows. These efforts resulted in the emergence of cir-cular weir designs; Bazin (1898) was the first to study the flow characteristics of broad-crested weirs, which was later used by Creager (1917) to develop the profile of ogee spillways. Creager (1917) also conducted some studies on the profile of circular weirs. Woodburn (1932) showed that when the upstream corner of a weir is curved, the discharge coefficient increased up to 8%. Henderson (1966) developed an equation to determine the discharge coefficient for round corner weirs with a critical flow condition as follows: Ramamurthy and Vo (1993a,b) tried to improve the discharge coefficient by providing different upstream and downstream slopes for circular-crested weirs. Amin (2005) experimentally investigated the most suitable shape of a weir to achieve the maximum discharge coefficient. He found that curved weirs produced the maximum discharge and that the discharge coefficient depends mainly on the ratio (H w /p)×F r and the submersion ratio. Al-Babely et al. (2011) showed that the increase in the ratio of head to weir radius ratio (H w /R) value caused an increase in the discharge coefficient (C d ) value for the same height of weir. Schmocker et al. (2011) showed that the upstream weir face angle has only a small effect on the discharge coefficient. In contrast, increasing the downstream weir face angle increased the discharge coefficient. Riyadh (2013) estimated that the discharge coefficient decreased with the head upstream and the weir crest increased; the height and degree of curvature of over flowing has a significant influence on (C d ) and the discharge coefficient increased if the streamlining of the curvature increases. Madadi et al. (2013) observed that the curvature at the upstream edge of a weir allows water to flow more easily and increases the discharge capacity. Haghiabi (2012) developed an equation indicating that the hydraulic characteristics of a circular crested weir depend only on the dimensionless total upstream head (H w /R) and independent of weir height (p). Kumar et al. (2013) formulated a generalized equation for C d for curved weirs which can be used to find C d for any value of (θ) in the corresponding specified range and hence the discharge, as follows: 
Materials and methods

Dimensional Analysis
The relevant parameters in the study of a clear overfall weir as shown in the Figure 1 , come from the following groups:
- ( ). Taking into account all the above parameters, dimensional analysis yields:
The above variables give the following dimensionless numbers:
Any combination of these numbers is also dimensionless and may be used to replace one of the form of the above considerations. The relationship may be rewritten in terms of dimensionless parameters: with an adjustable slope. The discharge was delivered by a pump and measured using a calibrated orifice meter with a manometer. Measurements of water depth were recorded using an electrical point gauge mounted on an aluminum frame over the channel so it could be moved longitudinally and transversely over the channel. The gauge was equipped with a Vernier, readable to reach an accuracy of about 0.10 mm. Eleven models of wooden weirs were shaped and prepared with five different values of rounding curvature as shown in Table 1 . The tail gate was located at the end of the channel to control the downstream water depth.
Experimental approach
The prepared weir models were located in a laboratory tilting flume of 13.50 m length, 0.30 m width, and 0.30 m depth. Detailed dimensions and arrangements of the tested weir models are shown in Table 1 . A discharge range from 2.0 to 22.0 dm 3 s -1 was used, 66 runs were conducted and were categorized into three sets of experiments. The first set of experimental runs was carried out using a model of a weir without any rounding curvature of the front or the behind corners of its top edge. This set included six runs, and was considered as a reference in order to estimate the effect of using the tested weirs. The second set of experimental runs was carried out using models of weir having five values of rounding curvature in upstream (r u /p = 0.1, 0.2, 0.3, 0.4, 0.5) and without any rounding curvature of the behind corners of its top edge. This set included 30 runs. The third set of experimental runs was carried out using the most effective shape obtained from the aforementioned step to examine its efficiency in increasing the discharge coefficient, and at the same time to achieve the best value of rounding curvature in downstream. This set included 30 runs. In each test, six different discharges between 2.0 and 22.0 dm 3 s -1 were used.
Experimental procedures
Runs were started with the models fixed separately on the bed of the flume. The storage, feeding tank was filled with water. The intake valve of feeding pipeline was opened slowly to give a definite value of discharge through adjusting both the intake valve and the water manometer reading. The downstream tail gate was adjusted to obtain the free flow conditions, after a period of about 20 to 30 minutes. The measurements of water depth upstream and downstream of the weir model were taken using an electrical point gauge mounted on an aluminum frame over the channel. Calibration procedures followed those recommended by the manufacturer.
Results and analysis
In order to find the most effective radius of curvature of the top corners of a clear over-fall weir for improving the discharge coefficient, a series of runs are performed on ten models of weir, in addition to the sharp one as a reference, as given in our previous paper (Ashour et al. 2016 ) and shown in Table 1 . To study the effect of rounding the curvature of the top corners on the discharge coefficient, the water depths were measured upstream and downstream after the flow had become steady and the hydraulic jump had fully occurred on the floor downstream of the weir model . Analysis and the discussion procedure were performed through addressing the following points:
Firstly: Experiments carried out for testing the effect of the front weir top edge curvature (r u /p = 0.1, 0.2, 0.3, 0.4, 0.5) on the discharge coefficient, with different discharges;
Secondly: After choosing the most effective radius of the front weir top edge that gives the maximum discharge coefficient from the aforementioned step, experiments are carried out for testing the effect of the behind weir top edge curvature on the discharge coefficient (r d /p = 0.1, 0.2, 0.3, 0.4, 0.5). The discharge coefficient (C d ) was plotted versus the ratio between head over the crest and the height of weir (H w /p) for the different tested weirs. The ratio between the curvature of the front weir top edge and the height of weir (r u /p) are plotted as a third dimension, as shown in Figure 3 . Figure 3 presents a comparison between models having curvature of the front weir top edge and a sharp one. From this figure it is clear that the curved weirs are more efficient in increasing the discharge coefficient (C d ) than the sharp one. Also, increasing the ratio between head over the crest and the height of weir (H w /p) increases the discharge coefficient (C d ).
From the figure it can be seen that the curvature of the front weir top edge allows water to flow more easily and increases the discharge capacity. Also, for a certain value for the ratio (H w /p) the C d was observed give a maximum value when the radius of curvature of the front weir top edge was equal to 20% of the height of the weir.
For (H w /p ≤ 0.6), it is clear that the discharge coefficient (C d ) increases slightly, while for (H w /p >0.6) the discharge coefficient (C d ) tangibility increases. This is due to, at high values of discharges, turbulent downstream head structure decrease, and the hydraulic is jump formed, somewhat nearer to the head structure due to the increase of the initial depth of the formed hydraulic jump.
Based on the experimental data and using the simple and multiple linear regression analysis, the best equation for predicting the discharge coefficient (C d ) for round corner weirs as a function of the ratio between head over the crest and the height of weir (H w /p) can be written in the following form: 
Model 10 Model 11
in which (A, B and C) are coefficients depending on the radius of curvature for the front weir top edge. Their values are given in Table 2 , as well as the different values of correlation factor.
B. Relations between the discharge coefficient (C d ) and the discharge (Q)
The relationship between the discharge coefficient (C d ) and the discharge (Q) for all models under study having curvature of the front weir top edge and the sharp one is presented in Figure 4 . This figure shows the percentage of increase in the discharge coefficient (C d ), using different radius of curvature of the top corners of a clear over-fall weir to be more than that obtained using the sharp one. It is clear that at the same value of discharge (Q), the model having the radius of curvature equal 20% of the height of weir gives the maximum value of the discharge coefficient (C d ). For comparison purposes Table 3 was constructed, including the ob- Fig. 3 . Relationship between the discharge coefficient (C d ) and the ratio between head over the crest and the height of weir (H w /p) for different tested weirs Fig. 4 . Relationship between the discharge coefficient (C d ) and the discharge (Q), for different tested weirs Fig. 5 . Relationship between the discharge coefficient (C d ) and the ratio between head over the crest and the radius of curvature of weir (H w /r u ) tained values of the percentage of increase in the discharge coefficient (C d ) using different curvature of the front weir top edge more than the sharp one. From the Table 3 , it is clear that:
-For all studied discharges, the weirs with curvature of the front top edge are more effective than the sharp one in increasing the discharge coefficient (C d ); -The model of the weir with the radius of curvature equal to 20% of the height of the weir gives the maximum value of the discharge coefficient (C d ); -Increasing the ratio between the radius of curvature and the height of a weir more than 20%, decreases the value of the discharge coefficient (C d ); -When the front top edge of the weir is curved, the discharge coefficient increased up to 8%, which agrees with the results of Schmocker et al. (2011) and Woodburn (1932) .
C. Relations between the discharge coefficient (C d ) and the ratio between head over crest and curvature at upstream (H w /r u )
The relationship between the discharge coefficient (C d ) and the ratio between head over the crest and the radius of curvature of the front weir top edge (H w /r u ) for the model of weir having the radius of curvature equal 20% of the height of weir is shown in Figure 5 . From this figure it is clear that the discharge coefficient increases with the increase of the ratio between head over the crest and the radius of curvature of the weir (H w /r u ). Also, for a further increase of the ratio between head over the crest and the radius of curvature of the weir (H w /r u ) the percentage of increase in the discharge coefficient increases.
Based on the experimental data and using the simple and multiple linear regression analysis, the best equation for predicting the discharge coefficient (C d ) for round corner weirs as a function of the ratio between head over the crest and the radius of curvature of the front weir top edge (H w /r u ) can be written in the following form: (7) in which (A, B and C) are coefficients dependent on the radius of curvature of the front weir top edge. Their values are given in Table 4 , as well as the different values of the correlation factor. Testing the effect of the behind weir top edge on the discharge coefficient After achieving the most effective radius of curvature of the front weir top edge that gives the maximum discharge coefficient from the aforementioned step, experiments were carried out using the model with a radius of curvature of the front weir top edge equal to 20% of the height of weir, for testing the effect of the curvature of the behind weir top edge on the discharge coefficient (r d /p = 0.1, 0.2, 0.3, 0.4, 0.5) with different discharges.
A. Relations between the discharge coefficient (C d ) and the ratio between head over the crest and the height of weir (H w /p)
The discharge coefficient (C d ) was plotted versus the ratio between head over the crest and the height of weir (H w /p) for different tested weirs. The ratio between the curvature of the behind weir top edge and the height of weir (r d /p) are plotted as a third dimension, as shown in Figure 6 .
From this figure it is clear that the increase in the ratio between head over the crest and the height of weir (H w /p) increases the discharge coefficient (C d ). Also, for a certain value for the ratio (H w /p) the C d was observed to give a maximum value when the radius of curvature of the behind top edge was equal to 20% of the height of the weir.
For (H w /p ≤0.8), it is clear that the C d increases slightly, while for (H w /p >0.8) the C d tangibility increases. This is due to, at high values of discharges, turbulent downstream head structure decrease.
Based on the experimental data and using the simple and multiple linear regression analysis, the best equation for predicting the discharge coefficient (C d ) for round corner weirs as a function of the ratio between head over the crest and the height of weir (H w /p) can be written in the following form:
in which (A, B and C) are coefficients dependent on the radius of curvature of the behind weir top edge. Their values are given in Table 5 , as well as the different values of correlation factor.
B. Relations between the discharge (Q) and the upstream head over the crest (H w )
The relationship between the discharge (Q) and the upstream head over the crest (H w ) for all models under study with a curvature of the behind weir top edge is shown in Figure 7 . This figure shows the percentage of increase in the discharge (Q), using different radius of curvature of the behind weir top edge to be more than that obtained using the sharp one.
The variation of discharge coefficient (C d ) with respect to head normalized to radius of curvature (H w /r d ) shows that the discharge coefficient is greatly affected by the upstream head over the crest (H w ) and the discharge coefficient value increases with increasing values of (H w ). Fig. 6 . Relationship between the discharge coefficient and the ratio between head over the crest and the height of weir (H w /p) for different tested weirs 
C. Relations between the discharge coefficient (C d ) and the discharge (Q)
The relationship between the C d and the Q for all models under study with curvature of the behind weir top edge is shown in Figure 8 . This figure shows the percentage of increase in the C d , using different radius of curvature of the behind weir top edge to be more than that obtained using the sharp one.
From this figure it is clear that, at the same value of discharge (Q), the model with a radius of curvature equal to 20% of the height of the weir gives the maximum value of the discharge coefficient (C d ).
For comparison purposes, Table 6 was constructed, including the obtained values of the percentage of increase in the C d using different curvature of the behind weir top edge more than the sharp one. From the table, it is clear that:
-For all studied discharges, the weirs with a curvature of the behind top edge are more effective than the sharp one in increasing the discharge coefficient (C d ); -The weir model with a radius of curvature equal to 20% of the height of the weir gives the maximum value of the discharge coefficient (C d ); -Increasing the ratio between the radius of curvature and the height of the weir by more than 20%, decreases the value of the discharge coefficient (C d ); -When the behind top edge of the weir is curved, the discharge coefficient increased up to 14%, which is in agreement with the results of Schmocker et al. (2011) and Fawer (1937) . The relationship between the C d and the ratio (H w / r d ) for all models under study with a curvature of the behind top edge is shown in Figure 9 . From this figure it is clear that the increase in the ratio (H w /r d ) value causes an increase in the C d value for the same height of weir. Also, for a further increase of the ratio (H w /r d ) the percentage of increase in the C d increases. At the same time, it is observed that the curvature of the behind top edge of the weir allows water to flow more easily and increases the discharge capacity. Moreover, the hydraulic characteristics of the round corner weir depend mainly on the dimensionless total downstream head (H w /r d ) independent of weir height (p).
Based on the experimental data and using the simple and multiple linear regression analysis, the best equation for predicting the C d for round corner weirs as a function of the ratio (H w /r d ) can be written in the following form:
in which (A, B and C) are coefficients dependent on the radius of curvature of the behind weir top edge. Their values are given in Table 7 , as well as the different values of correlation factor.
Conclusions
From the present study and its experimental results the following main conclusions can be drawn: 1. The ratio (H w /r) increases, the discharge coefficient increases. 2. Curvature of the front or behind top edge of a weir enhances the flow and increases the discharge capacity. 3. The ratio between the weir height and the top edge curvature of the weir has a significant influence on the discharge coefficient. 4. The radius of curvature of the front top edge of a clear over-fall weir has a small effect on the discharge coefficient, while using curvature of the behind top edge caused a significant increase in the discharge coefficient. 5. When the front top edge of the weir is curved, the discharge coefficient increases up to 8%. 6. When the behind top edge of the weir is curved, the discharge coefficient increases up to 14%. 7. The discharge coefficient has a maximum value when the radius of curvature in the front and behind top edge of weir is equal to 20% of the height of the weir. Fig. 9 . Relationship between the discharge coefficient (C d ) and the ratio between head over the crest and the radius of curvature of weir (H w /r d )
